Surface active amide-functionalized ionic liquids (ILs) consisting of a long alkyl chain (C 6 -C 14 ) connected to a polar head group (methylimidazolium or pyridinium cation) via an amide functional group were synthesized and their thermal stability, micellar properties and antimicrobial activity in aqueous solution investigated. The incorporation of an amide group increased the thermal stability of the functionalized ionic liquids compared to simple alkyl chain 
Introduction
Ionic liquids are currently receiving increasing interest as a new class of non-molecular, ionic solvents in organic synthesis, catalysis, separation processes and preparation of nanostructured materials [1] [2] [3] [4] [5] [6] . Most widely studied ILs are comprised of bulky, asymmetric N-containing organic cations in combination with any wide variety of anions, ranging from simple inorganic anions to more complex organic species [1] . Due to their negligible vapour pressure and nonflammability they are regarded as environmentally friendly alternatives to volatile organic solvents. In addition, their properties such as hydrophilicity/hydrophobicity and miscibility with organic solvents or water can be tuned by changing the N-alkyl substituents and/or the anion [7, 8] . Moreover, the incorporation of functional groups as a part of the cation and/or anion can impart a particular capability to the ionic liquid for specific purposes [9] . For example, longchain ether-functionalized ionic liquids have been reported as novel media for specific homogenous enzymatic reactions [10] and a hydrophobic amide-functionalized ionic liquid has been used for selective extraction of tryptophan with higher extraction efficiency [11] .
Imidazolium and pyridinium ionic liquids with alkyl side chains longer than four are generally regarded as amphiphilic compounds and behave as typical cationic surfactants in aqueous solution [12] [13] [14] [15] [16] . The self-organization of ionic liquids in aqueous solution may have significant effects on a variety of processes such as the extraction of compounds from IL-containing systems, the synthesis and purification of bulk ILs, the formation of dispersed or phase separated systems, etc. [17] . On the other hand, it can be expected that the incorporation of a specific functional group in the alkyl side chain attached to the cation affects the surface properties of amphiphilic ILs. Recent studies have reported that COOH-functionalized imidazolium ILs [18] , long-chain β-hydroxy-γ-alkyloxy-N-methylimidazolium ILs [19] and amphiphilic imidazolium and pyridinium ILs with an ester group in the alkyl tail [20] show superior surface activity compared with simple alkyl chain substituted derivatives [16] .
Long-chain imidazolium-and pyridinium-based ionic liquids can exhibit, besides to interfacial activity, significant biological activity against bacteria and fungi [16, 17, 21] . Cornellas et al. [16] found that antimicrobial activity of amphiphilic imidazolium and pyridinium ILs is closely related to their surfactant properties. Likewise, toxicology data indicate a strong correlation between the length of the alkyl chain attached to the IL cation and the resulting toxicity [22, 23] .
On the other hand, some authors have analyzed the effect of incorporating a specific functional group in the IL structure on its biological activity. Morrisey et al. [24] reported a notable diminution of the antimicrobial activity for imidazolium ILs containing ether or polyether side chains compared with the alkyl substituted derivatives whereas Garcia et al. [20] observed a significant increase in antifungal activity for ILs by introducing an ester moiety.
The ability of some organic functionalities to modify the specific properties of the ionic liquids by their incorporation in the cation and/or anion structure prompted us to synthesize a series of long-chain amide-functionalized ionic liquids in order to investigate the effect of a strong hydrogen bonding functionality, the amide group, on the physico-chemical and biological properties of amphiphilic ILs. In the present work, two series of ionic liquids based on imidazolium and pyridinium cations containing an amide functional group in the hydrophobic side chain attached to the polar head, 1-alkylcarbamylmethyl-3-methylimidazolium bromides and 1-alkylcarbamylmethylpyridinium bromides, have been synthesized and the effect of incorporating a strong hydrogen bonding functionality on their thermal stability, aggregation behavior and antimicrobial activity investigated. The research is expected to contribute to further development of new functionalized ILs with higher surface and biological activities and improved thermal stability for specific purposes such as separation processes, biocatalysis and preparation of nanoestructured materials.
Experimental

Synthesis of long-chain amide-functionalized ionic liquids
1-alkylcarbamylmethyl-3-methylimidazolium bromides [C n AMeImBr] and 1-alkylcarbamylmethylpyridinium bromides [C n APyrBr] were synthesized in two steps using standard methodology [24] [25] [26] . First step involved the reaction of the commercially available amines with bromoacetyl bromide to form the desired alkylating agents. Subsequent alkylation of either methylimidazole or pyridine led to the imidazolium-or pyridinium-based ionic liquids, respectively. Experimental details of the synthesis and analytical data and spectra of the ILs synthesized are reported in the Supplementary data (Appendix A). The molecular structures of the amide functionalized ILs synthesized are given in Fig. 1 .
Fig. 1. Structure of the amide-functionalized ionic liquids
Thermal stability measurements
Thermal stability of the amide-functionalized ILs was measured with a Mettler Toledo TGA/STGA 851 thermal gravimetric analyzer using a nitrogen atmosphere. All samples were run in aluminium pans by using a nitrogen flow rate of 20 mL/min. Thermograms were recorded using a heating rate of 10 ºC/min from 25 to 550 ºC.
Conductivity measurements
Conductivity was measured at 25 ºC using an Orion Conductivity Cell 913005MD with epoxy/graphite electrode in conjunction with a Thermo Orion 5 Star multiparameter instrument with a cell constant of 0.475 cm −1 .
Surface tension measurements
Surface tension was measured at 25ºC by the Wilhelmy plate technique using a Krüss K-12
tensiometer. Glass containers and plate were cleaned with chromic acid solution and rinsed thoroughly with distilled water. The plate was flame dried before each measurement. Surface tension was considered to be at equilibrium when the standard deviation of five consecutive measurements did not exceed 0.10 mN/m.
Fluorescence measurements
Steady-state fluorescence measurements were performed with a Shidmadzu RF 540 spectrofluorometer equipped with a thermostated cell holder at 25 °C. Both excitation and emission band slits were fixed at 2 nm. All data were acquired using quartz cells with a 1 cm path length. Pyrene was used as fluorescence probe and its concentration was kept at 1x10 -6 M.
Steady state fluorescence measurements for C n AMeImBr
The emission spectra of micelle-solubilized pyrene were employed for the determination of the cmc values of the amide-functionalized imidazolium-based ILs. Pyrene exhibits a fine structure in the 370-400 nm region of the steady-state fluorescence emission spectra. The nature and the intensity are extremely dependent on the polarity of the environment. The ratio of the first to the third vibronic peaks, I 1 /I 3 (I 1 at 374 nm and I 3 at 384 nm), shows the greatest solvent dependency and hence can be used to probe the micropolarity of the aggregates and obtain the cmc of the long-chain imidazolium-based ILs in aqueous solution [27, 28] .
Steady state fluorescence measurements for C n APyrBr
Fluorescence probe, pyrene, was used in order to ascertain the onset of the aggregation of pyridinium-based ionic liquids in water [15, 20] .The excitation wavelength used for pyrenecontaining samples was 332 nm. The fluorescence was collected at 374 nm, the wavelength of the first vibronic emission band, and the ratio I o /I (fluorescence intensity of pyrene in absence, I o , and presence, I, of ionic liquid) was determined.
Antimicrobial Activity
Antimicrobial tests were carried out using bacteria and fungi which are stored in our 
Results and discussion
Thermal stability
Thermal stability of the amide-functionalized ILs has been determined by TGA analysis. The characteristic thermal weight loss curves for amide-containing imidazolium and pyridinium ILs in nitrogen atmosphere are given in the Supplementary data (Appendix A). The decomposition onset temperature is determined from the intersection of the baseline weight and the tangent of the weight versus temperature curve as decomposition occurs [30] .
The decomposition temperatures of the amide-functionalized ILs herein investigated are displayed in Table 1 . For the sake of comparison, the decomposition temperatures of nonfunctionalized ILs (1-alkyl-3-methylimidazolium and 1-alkylpyridinium bromides, [C n MeImBr]
and [C n PyrBr], respectively) and ester-functionalized ILs (1-alkyloxycarbonylmethyl-3-methylimidazolium and 1-alkyloxycarbonylmethylpyridinium bromides, [C n EMeImB] and [C n EPyrBr], respectively) are also displayed in Table 1 .
Table 1
Thermal decomposition temperatures (T onset ) of amide-functionalized ILs (C n AMeImBr and C n APyrBr), non-functionalized ILs (C n MeImBr and C n PyrBr) and ester-functionalized ILs (C n EMeImBr and C n EPyrBr)
Ionic liquid T onset /ºC
Amide-functionalized imidazolium ILs 278 [31] 282 [31] 288 [20] Non-functionalized pyridinium ILs C12PyrBr 232 [20] Ester-functionalized imidazolium ILs C 6 -C 14 EMeImBr 210-228 [20] Ester-functionalized pyridinium ILs C 6 -C 14 EPyrBr 158-162 [20] As shown in Table 1 , amide-functionalized imidazolium ILs exhibit substantially higher thermal stabilities than amide-functionalized pyridinium compounds since the onset of thermal degradation of the imidazolium salts occurs at 310-321 ºC whereas for the pyridinium salts it occurs at 258-260 ºC. The alkyl chain length does not significantly affect the thermal stability of the functionalized-pyridinium ILs but increasing the cation size produces a slight increase in the decomposition onset temperature of the imidazolium compounds. These results are in good agreement with those reported by Arellano [31] and Huddleston [32] about the effect of increasing the cation size on thermal stability of 1-alkyl-3 methyl imidazolium salts and with those reported by Garcia et al. [20] for the ester-functionalized imidazolium and pyridinium bromides.
Compared to non-functionalized ILs, the incorporation of an amide group in the alkyl side chain results in an increase of 20-40 ºC in the decomposition onset temperature for the imidazolium ILs and 24-28 ºC for the pyridinium-based ILs ( Table 1 ). The higher thermal stability observed for amide-functionalized ILs can be attributed to the intermolecular hydrogen bonding imparted by the amide group which impacts the organization of molecules in the sample [31] . On the other hand, thermal degradation of imidazolium-and pyridinium-based ILs containing an ester group occurs at temperatures about 100ºC lower than their corresponding amide-functionalized analogues ( Table 1) . The introduction of an ester group decreases dramatically the decomposition onset temperature of the ionic liquid whereas the incorporation of an amide functionality increases its thermal stability. Therefore, the upper range of operating temperatures is greater for amide-functionalized ILs than for the corresponding ester derivatives.
Aggregation behaviour in aqueous solution
The aggregation properties of the amide-functionalized ionic liquids in aqueous solution have been studied by means of conductivity, surface tension, and fluorescence measurements. The data obtained are summarized in Table 2 . In the following subsections the details and discussion of the results obtained by each of the techniques are given. 20 ) of the amide-functionalized imidazolium-and pyridinium-based ILs. The coefficients of variation of cmc values determined by conductivity, surface tension and fluorescence were calculated from three independent determinations of cmc and were found to be ≤5%, ≤12% and ≤7%, respectively.
Conductivity measurements
The critical micelle concentration (cmc) was determined by measuring the change in specific conductivity (κ) for aqueous solutions of CnAMeImBr and CnAPyrBr as a function of the ionic liquid concentration. Representative results are displayed in Fig. 2 for two of the homologues investigated. The plots for the rest of the amide-functionalized ILs studied are given in the Supplementary data (Appendix A). cmc the rate augmentation of the specific conductivity is lower because the micelles can contribute to the charge transport to a lesser extent than the free ions owing to their lower mobility and to the effective loss of ionic charge as a result of the binding of a fraction of counterions to the micellar surface [20, 33, 34] . The counterion binding parameter (β) gives the extent of counter ion association and can be estimated from the ratio of the slopes above and below the cmc [35] . The cmc and β values obtained by a least-squares analysis are presented in Table 2 .
For both series of amide-functionalized ionic liquids (C n AMeImBr and C n APyrBr) the cmc decreases with increasing the alkyl chain length ( Table 2 ). This behaviour is analogous to that reported for different functionalized [19, 20, 26, 33] and non-functionalized amphiphilic ILs [14, 16, 36, 37] , as well as for ionic surfactants [38] [39] [40] .
The correlation between the cmc and the number of carbon atoms in the hydrocarbon chain for amide-functionalized ILs is shown in Fig. 3 . The log cmc value decreases linearly with the increase in n, following the empirical Klevens equation [41] :
where A and B are constants for a particular homologous series at a constant temperature. The parameter A is related to the contribution of the polar head to micelle formation, and the parameter B indicates the average contribution to the micelle formation of each additional methylene group in the hydrophobic chain. conventional ionic surfactants [39] and long-chain non-functionalized imidazolium [16, 36, 42] and pyridinium-based ILs [16] . It means that one more CH 2 group in the alkyl tail approximately halves the cmc values of the corresponding ionic liquid.
Comparing imidazolium to pyridinium type ionic liquids bearing alkyl chains of the same length we find very similar cmc values ( Table 2 ) which indicates that both heterocyclic head groups possess similar hydrophilicity and ease of packing their planar structures into the micelle.
Amide-functionalized ILs exhibit a 2-3 fold decrease in cmc values (Table 2 ) as compared to the corresponding non-functionalized homologous [16] . The introduction of the amide functional group leads to a reduction in the cmc value that could be attributed to the increased H-bonding in the head group region [26, 40, 43] .
Compared to other functionalized ILs, the tendency to form micellar aggregates of the amidefunctionalized ILs (Table 2) is very similar to that of ILs containing an ester functional group [20] . The cmc values of amide-functionalized imidazolium ILs are also similar to those reported for β-hydroxy-γ-alkoxy-N-mehtylimidazolium ILs [19] . On the other hand, the cmc values of amide functionalized ILs are approximately double than those reported for long-chain N-aryl imidazolium ILs [44] and also higher than those described for ILs functionalized with a carboxylic group [18] .
The values of the counterion binding parameter β (Table 2 ) increased with the length of the alkyl side chain similarly as reported for non-functionalized ILs [14, 16, 27, 43] . Thus, the counterion is stronger bonded to the aggregate as the alkyl chain becomes longer. Applying the phase separation model to the monomer-micelle equilibrium for cationic amphiphile, the standard Gibbs energy of micellization (ΔG o mic ) can be calculated from the following equation [45] :
Where β is the fraction of counterions condensed in the micellar interface and x cmc is the critical micellar concentration expressed as mole fraction. ΔG Table 2 . These values are negative and give evidence that the micelle formation in aqueous solution of the amide-functionalized ionic liquids investigated is a spontaneous process. The longer the alkyl chain, the lower the free energy of Gibbs. This
iindicates that the aggregation process becomes more favourable as the alkyl chain length increases.
Surface tension measurements
Surface tension data were measured in order to establish the surface activity and the aggregation concentration in aqueous solution of the ILs containing an amide functional group.
The plot of surface tension (γ) versus the logarithm of the ionic liquid concentration for the C n AMeImBr and C n APyrBr series is shown in Fig. 4 . The lowering of the surface tension values with increasing the ionic liquid concentration from the water value to a plateau region is a consequence of the increased concentration of the C n AMeImBr and C n APyrBr compounds at the air-water surface. For the shorter chain homologues of the C n AMeImBr and C n APyrBr series (C 8 and C 10 ) a minimum of surface tension appears before attaining a plateau. In the case of conventional ionic surfactants the appearance of a minimum in the surface tension isotherm may arise from impurities that adsorb strongly in the liquid/air interface [39] and for these compounds the minimum can be reduced or eliminated by purification. However, the minima displayed in the isotherms for C 8 and C 10 homologues persisted even after purification of the ILs by repeated crystallization steps. Therefore, it seems reasonably to state that the observed minimum is not due to any impurity in the samples of ILs.
The presence of such minima in the surface tension isotherms was already described by other authors for simple alkyl-chain containing ILs, i.e. for 1-alkyl-3-methylimidazolium salts with alkyl chains of 8 or 10 carbon atoms [12, 14, [46] [47] [48] and for 1-alkylpyridinium [16] salts with the same alkyl chain lengths. Goodchild et al. [46] attributed the presence of a minimum in the surface tension isotherm to the formation of surface micelles prior to bulk aggregation which leads to a minimum in the area per molecule and a maximum in adsorbed film thickness and the re-establishment of a surface monolayer at concentrations greater than the cmc. In the present work the cmc was taken as the point at which the surface tension reaches its lowest value. Due to the presence of the above mentioned minimum, the conductivity measurements give a more accurate value of the cmc for the shorter chain homologues. However, it is noteworthy the good agreement between the cmc values obtained by conductivity and by surface tension (Table 2) even for the shorter alkyl chain homologues. For the amide-functionalized ILs, the cmc decreases by increasing the hydrophobicity which makes that the ionic liquids with longer alkyl chains exhibit higher surface activity following the general trend observed for surfactants.
The surface tension isotherms were used to determine two additional adsorption parameters, the efficiency of adsorption, pC 20 (defined as the negative logarithm of the concentration of amphiphilic molecules required to reduce the surface tension of the pure solvent by 20 mN/m) and the effectiveness of the surface tension reduction, Π cmc (defined as Π cmc = γ 0 -γ cmc , where γ 0 is surface tension of the pure solvent (water), and γ cmc the surface tension of the solution at the cmc) [39] . The larger the value of pC 20 the more efficiently the surfactant is adsorbed at the interface and the more efficiently it reduces surface tension [13, 46] The pC 20 Comparing the efficiency of adsorption and the effectiveness of the amide-functionalized ILs (Table 2) to the non-functionalized ILs [16, 27] it is clear that the introduction of an amide group improves the surface activity of the IL. Adsorption at the air/water interface is more favourable for amide-functionalized ionic liquids than for non-functionalized ionic liquids because the -CONH-group of the amide-functionalized IL series forms hydrogen bonds to the neighbouring molecules [43] .
Fluorescence measurements
In order to study the micelle aggregation behavior of the amide-functionalized ILs in aqueous solution steady state fluorescence measurements employing pyrene as the solvatochromic probe were performed, although different experimental protocols were applied to imidazolium and pyridinium salts because of the ability of the pyridinium ionic liquids to act as quenchers of pyrene fluorescence.
Amide-functionalized imidazolium ionic liquids. The intensity ratio of the first to the third vibronic peaks of pyrene, i.e. I 1 /I 3 , was measured as a function of the ionic liquid concentration (Fig. 5a ). The abrupt sigmoidal decrease in I 1 /I 3 intensity provides evidence of the formation of IL aggregates. The cmc values were taken as the concentration that corresponds to the intersection between the linear extrapolation of the stabilized portion corresponding to low IL concentrations and the abruptly varied portion of the curve. Amide-functionalized pyridinium ionic liquids. The aggregation behavior of the 1-alkylcarbamylmethylpyridinium bromides was studied by the method proposed by Blesic et al.
[15] to determine the cmc of 1-alkyl-3-methylpyridinium chlorides. The onset of micellization of the pyridinium ionic liquids corresponds to the pronounced break-point in the plot of I o /I (fluorescence intensity of pyrene in the absence, I o , and presence, I, of ionic liquid) versus the concentration of ionic liquid (Fig. 5b) . The cmc of C 6 and C 8 homologues cannot be determined by this method because the cmc value of these ILs is higher than the concentration at which complete quenching of pyrene occurs.
Fluorescence measurements provide cmc values for the amide-functionalized ILs investigated that are in good agreement with those obtained by other well-established techniques such as conductivity and surface tension ( Table 2) .
Antimicrobial activity.
The antimicrobial properties of the amide-functionalized ILs were assessed against seven strains of bacteria (4 Gram-positive and 3 Gram-negative) and one strain of fungi. The antimicrobial activity was determined by measuring minimum inhibitory concentration (MIC)
values. The MICs values for amide-functionalized imidazolium and pyridinium ILs are summarized in Table 3 . MIC*: the lowest concentration of compound at which the microorganism tested does not show visible growth; R: resistant microorganism at the highest concentration tested (256 mg/L)
The antimicrobial activity of the imidazolium-and pyridinium-based ionic liquids containing an amide functional group (Table 3) depends on the alkyl chain length in keeping with data reported for cationic surfactants [49] [50] [51] as well as for simple alkyl chain substituted ionic liquids [16, 21, 52] . The shorter homologous of each series tested (C 6 -C 8 AMeImBr and C 6 -C 8 APyrBr)
showed low activity (MIC ≥256 mg/L) against all the microorganisms tested whereas amidecontaining imidazolium and pyridinium salts with more than eight carbon atoms in the alkyl chain showed biological activity against Gram-positive microorganisms. The C 10, C 12 and C 14 homologous also exhibited activity against most of Gram-negative bacteria, although their efficiency was higher against the former. Likewise, C 10 -C 14 ILs containing an amide functional group showed significant antifungal activity. Gram-positive organisms and fungi were clearly more sensitive to the antimicrobial activity of amide-functionalized ILs than Gram negative rods.
On the other hand, the nature of the polar group, imidazolium or pyridinium cation, has not a specific effect on the biological activity of the amide-functionalized ILs (Table 3 ). This finding corroborates that the hydrophobic character of both polar head groups is similar as also suggested by the study of the ionic liquid surface properties ( Table 2 ).
Compared to simple alkyl chain-containing ILs [16] , the incorporation of an amide group in the alkyl chain results in a significant increase of the antimicrobial activity for C 10 -C 12 homologues whereas C 14 homologues show similar biological activity ( Table 3 ). The amide group also enhances significantly the antifungal activity as compared to non-functionalized ILs.
[16] This last result is consistent with data reported by Kanjilal et al. [26] for some amidecontaining imidazolium salts. When compared with ILs containing other functional groups, these amide-functionalized ILs posses a similar activity to ILs with an ester moiety in the hydrophobic side chain [20] , and they are slightly more effective as antimicrobial agents than 1-alkyloxymethyl-3-methylimidazolium salts [21] and much more active than imidazolium derivatives with polyether functional groups in the side chain [24] .
Although the biological activity of the amide-functionalized ILs increases with the hydrophobicity of the molecule, for most microorganism strains the MIC values displayed a minimum with increasing alkyl chain length. Thus amide-containing ILs with an alkyl chain of 12 carbon atoms showed the highest efficiency as antimicrobial agents whereas the biological activity remained practically constant or decreased for C 14 homologues. The biological effect of an imidazolium or pyridinium salt against a microorganism was attributed to several factors: hydrophobicity, adsorption, cmc, solubility and transport in aqueous medium, being the solubility in the test medium the limiting factor for the transport [20, 53] . The combination of these factors determined that the amide-functionalized ILs of C 12 chain length had the largest tendency to be adsorbed at the bacterial-water interface, and consequently exert their antimicrobial action at the lowest concentration. The optimum efficacy at a certain chain length is consistent with data reported in literature concerning the biological activity of surface active ionic liquids. Thus, maximum efficiency as antimicrobial agents was described for alkylimidazolium and alkyloxyimidazolium lactates containing 11 or 12 carbon atoms in the alkyl chain [21] , for alkylimidazolium salts with 12 or 14 carbon atoms in the alkyl chain [16, 54] , for alkylpyridinium salts with 14 carbon atoms in the alkyl chain [16] and for esterfunctionalized imidazolium and pyridinium bromides with 12 carbon atoms in the side chain. [20] The mechanism of action of imidazolium and pyridinium salts against common microbes is expected to be similar to that of quaternary ammonium surfactants [55] because of the close resemblance between both type of compounds. The cationic headgroup of the imidazolium-and pyridinium-based ILs will be electrostatically attracted to the bacterial cell wall, while their hydrophobic tails will disturb the cell membrane, leading to leakage of the intracellular substances and ultimately to cell death. Gram-positive bacteria are often more susceptible than gram-negative to treatment with surface active agents because gram-negative bacteria possess an additional outer membrane that prevents adsorption. As reported for QACs [49] and single-alkyl chain-containing ILs [16, 21] the antimicrobial activity of amide-functionalized ILs seems to be closely related to their surfactant properties. Amide-derivatives with short alkyl chains (≤ 8 C), and thus weak surfactant properties, were found to be ineffective as antimicrobial agents. The increase of biological activity found for the C 10 -C 12 amide-functionalized homologues (Table 3) as compared to simple alkyl-chain containing ILs [16, 21] could be attributed to the increase in surface activity resulting from introducing an amide functional group in the hydrophobic side chain (Table 2) . However, for C 14 amide-derivatives the elongation of the chain length did not lead to a significant increase in their biological efficacy. The cut-off effect observed in biological activity could be attributed to the aggregation process of molecules in aqueous solution [56] .
Thus, despite the better surface activity of C 14 homologues, its tendency to form molecular aggregates at lower concentrations limits the rate of diffusion to the cell surface [56] .
Conclusions
Long-chain imidazolium-and pyridinium-based ILs incorporating an amide functional group in the alkyl side chain behave as conventional cationic surfactants in aqueous solution and possess a superior surface activity as compared to the corresponding simple alkyl substituted 
